Introduction
Haploidization techniques are known to be useful tools in plant breeding. Haploid and doubled haploid technologies have several advantages when compared to conventional breeding methods. This process reduces the time for the production of 100% homozygous lines (Forster and Thomas, 2005) and contributes to the selection efficiency. Complete homozygosity from heterozygous plants can be achieved in a single generation rather than several generations of selfing (Germana, 2011) . Haploid plants can be obtained through in vitro culture of anthers or isolated microspores (androgenesis), ovules (gynogenesis), or in vitro rescue of parthenogenetic embryos induced by in situ pollination with irradiated pollen (parthenogenesis) (Gonzalo et al., 2011) .
In situ induction of haploid plants by irradiated pollen was first discovered in petunia (Raquin, 1985) and applied successfully to melon by Sauton and Dumas de Vaulx (1987) . Later on, first haploid plants were obtained in watermelon by Sari et al. (1994) , in squash by Kurtar et al. (2002) , and in cucumber by Sauton (1989) and Niemirowicz-Szczytt and Dumas de Vaulx (1989) . However, melon is known to be the most successful species of the family Cucurbitaceae in terms of irradiated pollen technique. Since the first report, several studies have been conducted (Sarı et al., 1992; Abak et al., 1996; Koksal et al., 2002; Lotfi et al., 2003; Yetisir and Sari, 2003; Lim and Earle, 2008; Lotfi and Salehi, 2008; Ari et al., 2010; Gursoy et al., 2010; Sari et al., 2010; Gonzalo et al., 2011; Solmaz et al., 2011; Baktemur et al., 2013) and so far this technique is routinely used in melon breeding programs.
The success of the irradiated pollen technique depends on genotype, physiological stage of the mother plant, radiation dose, culture conditions, and media compositions (Sauton, 1988; Cuny et al., 1993; Germana, 2011) . Radiation induces changes in the generative nucleus of sperm cells, which induce parthenogenetic development of the egg to form a haploid embryo (Cuny et al., 1993) . Gamma ray (usually cobalt-60) is the most efficient source for the irradiation; however, efficient doses of radiation depend on pollen type. The optimum dose was reported to be 300 Gy Co 60 for melon (Sauton, 1988) . X-ray is an alternative source to gamma rays for pollen irradiation. It is reported to be efficient in melon for in situ haploid induction (Katoh et al., 1993; Yashiro et al., 2002; Zha, 2002) . Different doses of X-ray (0, 50, 100, 150, 200, 300, and 350 Gy) were used for haploid induction through parthenogenesis in hull-less seed pumpkin and sufficient percentages of haploid plants were obtained (Košmrlj et al., 2013) . A recent study was reported on the effect of different irradiation doses (100-700 Gy) of X-ray on pollen germination in Styrian oil pumpkin (Košmrlj et al., 2014) . Cesium-137 is also found to be effective in haploid induction in melon (Lotfi et al., 2003) .
The difficulty of finding cobalt-60 sources has led breeders to seek alternative sources of radiation. The aim of this study was to compare the efficiency of different gamma ray sources, cobalt-60 and cesium-137, and X-rays for the irradiation of Altinbas melon (Cucumis melo var. inodorus) pollen to be used for haploid embryo induction.
Materials and methods
This study was conducted at the research and application greenhouse of the Department of Horticulture and Biotechnology Research Center of Çukurova University, Turkey. Altinbas melon (Cucumis melo var. inodorus) genotypes known to be winter-type melons were used as plant material. Altinbas melons are typically odorless and have long shelf life. They are 2-3 kg and have black dots on their yellow skin. A total of 46 genotypes were used in this study. Among them, 40 genotypes were collected from different regions of Turkey and morphologically characterized (Sari and Solmaz, 2007; Solmaz et al., 2010) , which still exist in the melon genetic resources collection of the Department of Horticulture. For comparison of OP and Fı hybrids in embryo yield, we also added six hybrid cultivars (Ali Bey, Bugra, Westeros, Dardanos, Sinem, and Surmeli) from different commercial companies. Genotype codes, names, and origins are presented in Table 1 , and two doses (200 and 300 Gy) of soft X-ray were applied to male flowers of melon. Male flowers were collected 1 day before anthesis and they were placed into glass petri dishes after the removal of their petals and sepals. In the same day the collected male flowers were taken for irradiation. Co 60 irradiations (300 Gy) were conducted at the Akdeniz University Science Faculty, Department of Physics, on three different dates ( pollination. The following day, they were pollinated in early morning (0600-0900 hours) and labeled individually. After pollination, female flowers were closed with gelatin bags for 3 to 5 days until the stigma dried.
Parthenogenetic immature fruits were harvested 3 to 4 weeks after pollination and their weights were recorded. Pictures of irradiation, emasculation, pollination, and fruit set are given in Figure 1 . Fruits were washed with running tap water followed by washing with 1% NaOCl solution and dried on sterile filter paper. Fruits were then surface-sterilized with 96% alcohol by dry burning method in aseptic conditions. After fruits were cut into two pieces, seeds were extracted and opened individually under a fluorescent light in a laminar flow cabin. The rescued haploid embryos were cultured in glass jars containing MS medium and incubated in a growth chamber at 25-26 °C with a 16/8-h day/night photoperiod. Pictures of the whole process are given in Figure 2 .
After 7-10 days cultured embryos developed into plantlets and were transferred to bigger glass jars containing the same medium until they had 6-8 nodes. Regenerated plantlets were propagated by in vitro nodal cuttings. Plants were acclimatized in a plastic greenhouse when they reached about 10 cm. They were transferred into plastic multipots filled with a sterile peat:perlite mixture ( 300 Gy of soft X-ray), the number of pollinated flowers by irradiated pollen, number of fruit sets after pollination by irradiated pollen, ratio of fruit set (%, total number of fruit set/total number of flowers pollinated by irradiated pollen × 100), mean fruit weight (total fruit weight/total number of fruits), number of rescued haploid embryos from immature melon fruits, haploid embryo number per fruit (total number of haploid embryos/total number of fruits), total haploid plant number, and the ratio of regeneration to plant (%, total number of regenerated haploid plants/total number of haploid embryos × 100) were recorded for local genotypes and hybrid cultivars of Altinbas melons. Ploidy level of haploid plants was determined by morphological observations, pollen control, and chloroplast counts in stomata guard cells according to Sari et al. (1999) .
Results
Pollen grains of Altinbas melons were irradiated with 300 Gy of Co Table 2 . A total of 856 flowers were pollinated with irradiated pollen, of which 663 were from local genotypes and 193 were from hybrid varieties. Results revealed that all sources of irradiation were successful in parthenogenetic melon fruit development. The highest fruit set (60.38%) was obtained by pollination with irradiated pollen with 200 Gy of Cs 137 followed by 300 Gy Co 60 (42.79%), which is the most common source used for pollen irradiation to induce haploid embryo. Rate of fruit set by 300 Gy of Cs 137 (24.11%), 200 Gy of X-ray (28.98%), and 300 Gy of X-ray (20.01%) was similar. Mean fruit set was higher in hybrid cultivars (48.19%) than local genotypes (32.28%).
Data of mean fruit weight, total haploid embryo number, embryo number per fruit, total haploid plant number, and ratio of regeneration to plant in local genotypes and hybrid cultivars of Altinbas melons are given in Table 3 . Mean fruit weight was 1238 g in local genotypes and 1984 g in hybrid cultivars. A total of 2294 haploid embryos were obtained, of which 1507 were from local genotypes and 787 were from hybrid cultivars. Results showed that all tested irradiation sources and doses were effective in haploid induction. The highest number of haploid embryos (1693) was observed from pollination with 300 Gy of of embryos into plants was similar in local genotypes (89.72%) and hybrid cultivars (88.95%). In ploidy level determination it was observed that haploid plants had smaller flowers without pollen and smaller leaves when compared to diploids. The average chloroplast number in the stomata guard cells of the haploid plants was found to be 4-6, while 10-12 chloroplasts were counted in the stomata of diploid plants (Figure 3 ).
Discussion
The production of haploid plants is important to accelerate breeding programs through the use of homozygous double haploid lines and to facilitate the selection of desired genotypes for breeding. The most common and best-known method of obtaining haploid cucurbit plants is via pollination with irradiated pollen, which induces parthenogenetic development of haploid embryos (Gałązka and Niemirowicz-Szczytt, 2013) . Even though low numbers of haploids are obtained, melon is the most successful species in the family Cucurbitaceae (Gonzalo et al., 2011) . The appropriate dose of radiation and the genotype have an impact on haploid embryo induction. Gamma ray, usually Co 60 , is reported to be efficient for radiation of pollen; however, different doses affect the fruit set and formation of haploid embryos in various cucurbit crops (Gursoz et al., 1991; Sari et al., 1994; Kurtar et al., 2002) . We used 300 Gy of Co 60 and obtained 42.79% average fruit setting. Our result is compatible with a previous work reported by Sari et al., (2010) who used 300 Gy of Co 60 and found the rate of the fruit set as 42% in Kirkagac melons and 46% in Yuva-Hasanbey melons. However, a higher rate of fruit set (71.6%.) was achieved by Ari et al. (2010) using the same dose of Co
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. These results confirm that genotype has an impact on haploid embryo induction and fruit development, as previously stated by Sauton (1988) and Abak et al. (1996) . It is reported that even at higher doses parthenogenetic fruits can be obtained (Sauton and Dumas de Vaulx, 1987) . Zhang et al. (2006) found average fruit setting as 50% and 10% when the gamma radiation doses were 300 and 600 Gy, respectively. The induction rates of haploids were 0.55% and 0.63% in two different genotypes when the dose was 300 Gy. However, when the dose was 600 Gy, no haploid plant was produced. It is well known that the most successful dose of irradiation depends on species and genotype and should therefore be determined experimentally. It was reported that haploid embryo induction was obtained from lower irradiation doses in summer squash (25 and 50 Gy Co 60 ; Kurtar et al., 2002) and in winter squash (50 and 100 Gy Co 60 ; Kurtar and Balkaya, 2010) , while 200 and 300 Gy Co 60 were efficient in watermelon (Gursoz et al., 1991; Sari et al., 1994) . The moderate dose 250 Gy of Co 60 was found to be effective in parthenogenetic embryo induction in snap melon (Godbole and Murthy, 2012a) and in culinary melon (Godbole and Murthy, 2012b) . Cs 137 is an alternative source of gamma ray that is used to induce haploid embryo development in melon (Lotfi et al., 2003) . We tested two different doses (200 and 300 Gy) of Cs 137 and obtained higher fruit set, haploid embryo number, haploid embryo per fruit, and haploid plant number from 200 Gy than 300 Gy. Nevertheless, the ratio of embryos regenerated into plants was higher at 300 Gy. Lotfi et al. (2003) , X-rays have also been used for in situ haploid induction in melon (Katoh et al., 1993; Yashiro et al., 2002; Zha, 2002) and in related species such as hull-less seed pumpkin (Košmrlj et al., 2014) . In our study we found that both 200 and 300 Gy of X-ray pollen irradiations were successful in fruit set and embryo formation. Even though we obtained higher fruit set (28.98%) from 200 Gy X-ray irradiation than 300 Gy (20.01%), in the case of total haploid embryo number, haploid embryo number per fruit, and total haploid plant number, 300 Gy was more effective. In a previous study reported by Yashiro et al. (2002) , 65 KR soft X-ray was used to induce haploid embryos in five cultivars of melon; however, rates of haploid production were low and ranged from 0.03% to 0.17%. Similarly, a low level of haploid induction (0.6%) and plantlet formation (0.2%) was reported using 650 Gy soft X-ray irradiation (Zha, 2002) . In a recent study the effect of different doses (0, 50, 100, 150, 200, 300 , and 350 Gy) of X-ray on haploid induction in hull-less seed pumpkin was examined and the most effective doses were found to be 100, 200, and 300 Gy. A gradual decrease of fruit set and mean number of embryos per 100 seeds was observed at increased irradiation doses (Košmrlj et al., 2014) .
Use of irradiated pollen technique in applied breeding programs has been limited by the low percentage of haploid embryos (Lotfi et al., 2003) . We demonstrated that Cs 137 and X-ray can be effectively used as alternative sources to Co 60 for pollen irradiation and they provide sufficient percentages of haploid melon plants.
